ABSTRACT: Palm peroxidases are extremely stable and have uncommon substrate specificity. This study was designed to fill in the knowledge gap about the structures of a peroxidase from the windmill palm tree Trachycarpus fortunei. The complete amino acid sequence and partial glycosylation were determined by MALDI-top-down sequencing of native windmill palm tree peroxidase (WPTP), MALDI-TOF/TOF MS/MS of WPTP tryptic peptides, and cDNA sequencing. The propeptide of WPTP contained N-and C-terminal signal sequences which contained 21 and 17 amino acid residues, respectively. Mature WPTP was 306 amino acids in length, and its carbohydrate content ranged from 21% to 29%. Comparison to closely related royal palm tree peroxidase revealed structural features that may explain differences in their substrate specificity. The results can be used to guide engineering of WPTP and its novel applications. KEYWORDS: amino acid sequencing, glycosylation, palm, peroxidase, MALDI-TOF, top-down mass spectrometry
■ INTRODUCTION
Plant secretory peroxidases (class III peroxidases; EC 1.11.1.7) are ubiquitous in nature. They are extracellular or vacuolar glycoproteins and catalyze redox reactions that facilitate a myriad of biological processes including cell wall synthesis and response to abiotic and biotic stresses. 1 The peroxidase-catalyzed reaction occurs in three steps according to the "ping-pong" mechanism. First, the resting state peroxidase (E) is oxidized by hydrogen peroxide (H 2 O 2 ). Next, two back-to-back single-electron transfers to an aromatic reducing substrate (AH 2 ) proceed. The reaction ends with the return of peroxidase to the resting state and generation of water and radical products (AH •   ) . 2 The reaction can be summarized as H 2 2 3,4 and persistent organic compounds such as pesticides. 5 Peroxidase-based biosensors have been commonly used for detection of antioxidants, such as polyphenols, flavonoids, and carotenoids, which gives an indication of the nutritional quality of foodstuffs. 6 Some enzyme immunoassays have been developed using horseradish peroxidase (HRP) to detect food allergens 7 and metal ions that may contaminate food and agricultural soil. 8 Anionic peroxidases purified from palm tree leaves possess extremely high stability. 9 Moreover, these enzymes showed distinct substrate specificity compared with other plant peroxidases. Their unique properties have allowed for development of novel and improved applications. Palm peroxidase-based biosensors were more stable and could tolerate higher concentrations of H 2 O 2 . 10 The exceptional stability of palm peroxidases at acidic pH met the requirement for synthesis of conductive and chiral polymers under environmentally safe conditions. 11−13 Some plant peroxidases, particularly HRP, are well studied; however, relatively little is known about the structure of palm peroxidases. The X-ray crystal structure of native, highly glycosylated royal palm tree peroxidase (RPTP) was recently solved.
14 However, it is a unique work, and structural data for other palm tree peroxidases are practically absent in the literature, except for the sequence of 20 amino acids of the Nterminus of windmill palm tree peroxidase (WPTP, Trachycarpus fortunei). 15 Also, it is known that WPTP uniquely contains 6.5 calcium cations per molecule, whereas most plant peroxidases, including HRP and RPTP, contain only 2 Ca 2+ . 14, 16 To fill in the knowledge gap about the structures of palm peroxidases, herein we describe the complete amino acid sequence of WPTP and provide evidence of its modification with N-linked glycans. The complete amino acid sequence and glycosylation were determined by MALDI-top-down sequencing of native WPTP, MALDI-TOF/TOF MS/MS of WPTP tryptic peptides, and cDNA sequencing. The propeptide of WPTP contained N-and C-terminal signal sequences. Mature WPTP was 306 amino acids in length and its carbohydrate content was in the range of 21−29%. The results can be used to guide engineering of WPTP and its novel applications. A more robust peroxidase such as WPTP would enable broader use in agricultural and food applications.
MALDI matrix 2,5-dihydroxybenzoic acid (DHB), peptide calibration standard II, and protein calibration standard II were from Bruker (Billerica, MA). C 4 ziptips were from EMD Millipore (Darmstadt, Germany). Other reagents, including HPLC grade acetonitrile (ACN), trifluoroacetic acid (TFA), and ammonium bicarbonate (AMBIC) were from Fisher Scientific (Waltham, MA). Water was purified on a Milli-Q Advantage A10 system (EMD Millipore). Dithiothreitol was from Acros Organics (New Jersey) and iodoacetamide was from BioRad (Hercules, CA). For gene cloning, an RNeasy Plant Mini Kit (Qiagen, Venlo, Limburg), a SMARTer RACE cDNA Amplification kit, and an Advantage 2 PCR kit from Clontech (Mountain View, CA), a pGEM-T vector (Promega), and Escherichia coli strain JM109 were used.
Molecular Mass Measurement. Purified WPTP was dissolved in 0.1% TFA, mixed 1:1 with a MALDI matrix solution (20 g/L DHB in 50% ACN, 0.1% TFA), spotted onto a polished steel target plate (Bruker), and allowed to air-dry. The molecular mass was measured with an Ultraflex III MALDI-TOF/TOF mass spectrometer (Bruker) in linear positive mode. In 200 shot increments, 1500 laser shots were accumulated. The matrix suppression cutoff, using gating, was at 9500 m/z. Pulsed ion extraction (PIE) delay was set to 150 ns. Instrument voltages were at 25 kV (ion source 1 [IS1]), 23.1 kV (IS2), and 6.5 kV (lens). The WPTP molecular mass value was calibrated using the protein mix II calibration standard (Bruker). Spectrum processing, consisting of peak detection (centroid algorithm, peak width 1000 m/z) and smoothing (Savitzky−Golay algorithm, 1 cycle at 20 m/z), was performed in Flex Analysis 3.4 (Bruker).
Top-Down Sequencing. Top-down sequencing (TDS) of native WPTP was performed after solid-phase reduction of its disulfide bonds. BSA was used as the control and the molecular mass calibrator. For solid-phase disulfide bond reduction, a C 4 ziptip was wetted with 50% ACN in 250 mM AMBIC solution several times. The protein sample (25 pmol in 15 μL of 100 mM AMBIC) was loaded on the tip equilibrated with 100 mM AMBIC by slowly repipetting at least 10 times. Then, 50 mM dithiothreitol (200 μL) was introduced to the tip by aspirating and dispensing the solution for 2 min at 60°C. The ziptip was then incubated in that solution for 30 min at 60°C. The tip was washed three times with 0.1% TFA. The protein was eluted with 5 μL of a MALDI matrix solution (40 g/L DHB in 70% ACN, 0.1% TFA), and 0.25 μL was spotted directly on the target plate and allowed to air-dry.
TDS spectra were acquired with an Ultraflex III MALDI-TOF/TOF mass spectrometer in reflector positive mode. In 200 shot increments, 19 000 laser shots were accumulated. The matrix suppression cutoff, using deflection, was at 900 m/z. PIE delay was set to 40 ns. Instrument voltages were at 25 kV (IS1), 21.4 kV (IS2), 9.7 kV (lens), 26.3 kV (reflector 1), and 13.8 kV (reflector 2). Spectrum processing, consisting of peak detection (SNAP algorithm, peak width 0.75 m/z), baseline subtraction (TopHat algorithm), and smoothing (Savitzky−Golay algorithm, 5 cycles at 1.5 m/z), as well as peak annotation was carried out in Flex Analysis 3.4. Peaks were assigned with a mass tolerance of 300 ppm. Interpretation of the ions comprising the near C-terminus was aided by the characteristic m/z difference of 15 (Δ m/z) between y-and z+2-ion series. Additional annotation was performed with BioTools (Bruker) and Sequence Editor (Bruker).
Bottom-Up Sequencing. WPTP (10 μg, 1 μg/μL in 25 mM AMBIC) was reduced with 50 mM dithiothreitol (20 μL) for 30 min at 60°C, alkylated with 100 mM iodoacetamide (25 μL) for 45 min at room temperature in the dark. The alkylation reaction was quenched by addition of 1 μL of 143 mM dithiothreitol. Reduced and alkylated WPTP was diluted with water and then digested in solution with 0.5 μg of trypsin (50 μL) at 37°C for 12 h. Peptides were dried via SpeedVac and resuspended in 5% ACN in 0.1% TFA. The peptide solution was mixed 1:1 with a MALDI matrix solution (20 g/L DHB in 50% ACN, 0.1% TFA) and then spotted on a target plate.
Mass spectra of the peptides were acquired with an Ultraflex III MALDI-TOF/TOF mass spectrometer in reflector positive mode. In 200 shot increments, 600 shots were accumulated. The matrix suppression cutoff, using deflection, was at 850 m/z. PIE delay was set to 0 ns. Instrument voltages were at 25 kV (IS1), 21.45 kV (IS2), 9.5 kV (lens), 26.3 kV (reflector 1), and 13.8 kV (reflector 2). External calibration was performed using peptide mix II calibration standard (Bruker). Spectrum processing, consisting of peak detection (SNAP algorithm, peak width 0.75 m/z) and smoothing (Savitzky−Golay algorithm, 1 cycle at 0.2 m/z), was performed in Flex Analysis 3.4.
Several peaks in the mass spectrum were selected for fragmentation in LIFT mode. 17 Several thousand laser shots were accumulated in 200 shot increments. PIE delay was set to 0 ns. Instrument voltages were at 8 kV (IS1), 7.2 kV (IS2), 3.6 kV (lens), 29.5 kV (reflector 1), and 13.85 kV (reflector 2). Spectrum processing, consisting of peak detection (SNAP algorithm, peak width 0.75 m/z) and smoothing (Savitzky−Golay algorithm, 4 cycles at 0.15 m/z) as well as peak annotation, was carried out in Flex Analysis 3.4. Additional annotation was performed with BioTools and Sequence Editor with a mass tolerance of 0.3 m/z for peptides and 1 m/z for glycopeptides. Fragmentation spectra were interpreted and used for primer design in the gene cloning experiment.
Cloning and Sequencing of the cDNA. Total RNA was isolated from 0.1 g of T. fortunei leaves using an RNeasy Plant Mini Kit (Qiagen). The first-strand cDNA was synthesized from the isolated RNA using a SMARTer RACE cDNA Amplification kit (Clontech). The WPTP gene was cloned in two steps. In the first step, the forward degenerate primers (5′-GAYCTNCARATHGGNTT-3′ and 5′-GAYTTRCAR-ATHGGNTT-3′) targeted the previously determined amino acid sequence of the N-terminus of WPTP (DLQGIFY). 15 The reverse primer, UPM, was provided with the same kit. PCR amplification was performed using an Advantage 2 PCR kit (Clontech). The PCR protocol consisted of an initial denaturation step at 94°C (2 min), which was followed by 5 cycles of denaturation at 94°C (30 s), annealing at 60°C (30 s), and extension at 68°C (1 min); then 5 cycles of denaturation at 94°C (30 s), annealing at 55°C (30 s), and extension at 68°C (1 min); then followed by 25 cycles of denaturation at 94°C (30 s), annealing at 50°C (30 s), and extension at 68°C (1 min); and then a final extension for 3 min at 68°C. The resulting 1200 bp product was used as a template in the second step. The forward primer (5′-ATGCAYTTYCAYGAYTGYTT-3′) was designed from the amino acid sequence MHFHDCF, obtained by tandem mass spectrometry analysis of WPTP tryptic peptides in this study. The PCR protocol was the same as above except that the annealing temperatures were 65°C, 62°C, and 60°C, respectively. The PCR product was cloned into a pGEM-T vector and transformed into E. coli strain JM109. Positive transformants were screened by PCR. Plasmids were extracted from positive clones and confirmed by sequencing. For 5′-RACE, the reverse primer, 5′-GGACCTGGTAGGTGATGTTGCCG-3′, was designed from the DNA sequence obtained in the previous step. The forward primer, UPM, was from the same kit. The PCR protocol was the same as above except that the annealing temperatures were 65°C, 62°C, and 58°C, respectively. The PCR product was cloned, transformed, screened, and sequenced as before. The complete cDNA sequence of WPTP was obtained by combining the 5′-and 3′-cDNA sequences which were overlapping with each other. Analysis of the data was conducted with the software Mega5. 18 These data can be accessed at NCBI accession: KM504969.
■ RESULTS AND DISCUSSION
Determination of the Molecular Mass of WPTP. The MALDI-TOF mass spectrum of WPTP indicated the presence of a single glycoprotein with considerable heterogeneity ( Figure  1A ). An expanded view of the +2 charged peak revealed that it was composed of many partially resolved peaks, probably corresponding to WPTP glycoforms, i.e., differentially glycosylated WPTP ( Figure 1B) . A similar view of the +1 charged peak also showed multiple, partially resolved peaks.
The obtained data allowed for calculation of the MW of WPTP which ranged from 41 to 45 kDa ( Figure 1C) . These values are a little lower than the value previously reported for WPTP (50 kDa), which was measured using SDS-PAGE. 15 Due to decreased binding of SDS to glycans relative to the polypeptide backbone, the migration of a glycoprotein during SDS-PAGE is altered relative to what is expected for a similarly sized nonglycosylated protein. 19 Therefore, the previous measurement was likely an overestimation. Similarly, the first report of RPTP's MW, as measured by SDS-PAGE, was 51 kDa 20 and the MW as measured by mass spectrometry was 44 596 Da.
14 Top-Down Sequencing. It is well-known that drawbacks of MALDI-TDS are the requirement of a high purity of analyte, low sensitivity, and lack of fragmentation in the presence of disulfide bonds. 21 The isolated WPTP used in this study was high purity. 15 WPTP was immobilized onto a C4 ziptip by hydrophobic interactions, and its disulfide bonds were then reduced. This provided a quick and effective way to reduce WPTP's disulfide bonds, remove contaminating salts, and concentrate the reduced protein in one simple step. MALDI-TDS results in ladder fragmentation of the intact protein, leaving glycans attached to the modified Asn residues. 22 Partial amino acid sequence near the N-terminus of WPTP was gained through interpretation of the c-ion series in the MALDI-TDS spectrum (Figure 2A, MHFHD) . The y-and z+2-ions were interpreted as a continuous 30-amino acid residue sequence (Figure 2A , DN*LTAWVAKFAQAIVKMGQIQVLTGTQ-GEI). A protein BLAST search of the NCBInr database (blast.ncbi.nlm.nih.gov) predicted that this sequence originated from a protein in the peroxidase superfamily. The top hit was RPTP (PDB: 3HDL; E value: 6 × 10
−16
). The y ions at m/z 5290.1 and 6575.7 (N*) (and the corresponding z+2-ions) had a mass difference corresponding to a glycosylated Asn, AsnGlcNAc 2 Man 3 FucXyl (exact Δ m/z 1284.5 and accurate Δ m/z 1285.6). This glycan is the predominant glycan found on HRP, 23 soybean peroxidase (SBP), 24 RPTP, 14 and other plant peroxidases. A scheme of the glycan is depicted in Figure 2B according to the conventions of the Consortium for Functional Glycomics. All assigned peaks had a mass error within 200 ppm and the root-mean-square error (RMSError) was 65.32 ppm.
Bottom-Up Sequencing. Additional amino acid sequence information was gained through a more traditional "bottom-up" approach. For this, WPTP was digested with trypsin, and the resulting tryptic peptides were subjected to MALDI-TOF MS ( Figure 3A) . Tandem Figure 3D ). Furthermore, this sequence overlapped with an amino acid sequence ladder from the MALDI-TDS experiment. Thus, this amino acid sequence was used for primer design for cDNA cloning and sequencing of WPTP.
Fragments of the parent ion at m/z 2890.3 displayed a characteristic spectrum of a glycopeptide ( Figure 3F ). Man and GlcNAc oxonium ions were observed at m/z 162.7 and 203.7, respectively. We also observed cross-ring fragmentation of the innermost GlcNAc ( 0,2 X). Additionally, the glycan moiety fragmented into a series of y-ions corresponding to mass shifts indicative of the glycan GlcNAc 2 Man 3 XylFuc ( Figure 2C) .
cDNA Sequencing. The gene for WPTP was cloned and sequenced from mRNA isolated from the leaves of T. fortunei. The gene consisted of 5′-and 3′-untranslated regions, which included a poly-A tail, and 1032 bp encoding a polypeptide of 344 amino acids (Figure 4 ). There was an N-terminal signal peptide upstream of the previously sequenced N-terminus of mature WPTP, which targets class III peroxidases to the secretory pathway. 25 Some peroxidases additionally bear a Cterminal signal peptide for vacuolar targeting. 25 Insights into in vivo processing of the C-terminus of WPTP were obtained by combining information from the MALDI-TDS spectrum of intact WPTP and its cDNA sequence. In a MALDI-TDS spectrum, the ion with the lowest m/z value in each ion series corresponds to the mass of the N-terminus (for c-ions) or the Cterminus (for y-and z-type ions). Therefore, the y 11-ion corresponded to the mass of RTN*CSVVNSAS (Figure 2A ; exact m/z 2307.9 and accurate m/z 2307.8), where the mass shift for Asn 298 (N*) in the WPTP sequence corresponded to GlcNAc 2 Man 3 FucXyl. Thus, the vacuolar targeting signal for WPTP was LGDIVMASGHLTEVATS (Figure 4, gray italics) .
Using the same logic for the N-terminus, the c 38-ion at m/z 6098.4 ( Figure 2A it difficult to assign a specific glycoform structure to each peak in that spectrum. Positions 8, 28, 114, 267, and 298 were glycosylated. A more detailed study of WPTP's glycosylation profile is underway.
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Class III peroxidases share a common 3D structure despite a low sequence identity. 2, 16, 26 For example, RPTP and HRP were only 36% identical, but their Cα backbone structures were closely related, having an overall root mean squared deviation of 1.07 Å.
14 A structurally guided alignment revealed that WPTP and RPTP were 88% identical in primary structure and likely were very similar in secondary and tertiary structures ( Figure 5 ).
Structural integrity of plant peroxidases is maintained largely by an extensive hydrogen bonding network that extends above and below the heme-containing active site to distal and proximal Ca 2+ . 32 Additionally, four invariant disulfide bridges tie the protein together. These eight cysteine residues were present in WPTP (Figure 5, c) . Importantly, the disulfide bridge between Cys 44 and Cys 49 stabilizes the BC loop, which comprises the majority of the distal Ca 2+ binding residues ( Figure 5 , +). Distal Ca 2+ was critical for maintaining the proper tertiary structure of the active site. 33 The disulfide bridge between Cys 176 and Cys 208 stabilizes the region between helices F and H, which is important for substrate binding and contains residues necessary for binding proximal Ca
2+
. The additional 4.5 Ca 2+ found in the WPTP structure were difficult to account for because only one other peroxidase, anionic peanut peroxidase, 34 had elevated Ca 2+ content and its 3D structure was still not available.
Features of Potential Importance to Substrate Specificity. The new WPTP structure information presented in this study allowed for exploration of features of potential importance in palm tree peroxidases. One striking functional difference is substrate reactivity differences between WPTP, RPTP, and HRP (Table 1) . Ferulic acid was the better substrate for RPTP and HRP. 20 Moreover, the difference in reactivity between ferulic acid and ABTS was not too different for those two peroxidases, i.e., there was a 1.26-fold difference for RPTP and 3.25-fold difference for HRP. 20 The better substrate for WPTP was ABTS, and ferulic acid had 20-fold lower reactivity. 15 Investigation of the 3D structure of RPTP, using SwissPdbViewer 4.1.0, 28 revealed amino acid residues and features of known and putative importance to substrate binding (Table  2) .
Amino acids involved in substrate binding should be within 12 Å of the heme iron, as indicated by NMR studies of HRP− substrate complexes. 38 There were 64 residues within this distance in RPTP ( Figure 5 , highlighted in gray) and 5 of those differed between WPTP and RPTP. Of those 5, the lowest conservation was at position 142. Interactions between residue 142 and conserved Phe 143 resulted in topological features thought to affect interactions with substrates. 2, 39 Residue 142 was hydrophobic in HRP, RPTP, and WPTP, except that it was large in HRP (Phe) and RPTP (Leu) but small in WPTP (Thr). This difference could be a major factor causing the large deficit in WPTP's reactivity toward ferulic acid. The absence of a 3D structure complex between peroxidase and ABTS prevented speculation about features responsible WPTP's superior catalysis of that large substrate.
The RPTP crystal structure contained a potential inhibitor, an MES molecule. 14 , and Arg 214 ) were within that region. Five of the nine residues did not overlap with the residues that were 12 Å from the heme iron ( Figure 5 , highlighted in black). The position with the lowest conservation between between RPTP and WPTP was at position 177 and WPTP was at position 177. In WPTP, it was large, hydrophobic, and aromatic Phe, whereas in RPTP, it was small and polar Ser. Moreover, this MES binding site was in the most structurally divergent region between HRP and RPTP ( Figure 5, box) . In Figure 5 . Alignment of WPTP and RPTP (PDB: 3HDL) according to the method of Armougom et al. 27 to determine features related to substrate specificity. Determination of (highlighted in gray) residues less than 12 Å from heme iron and (highlighted in black) less than 4.6 Å from MES with Swiss-PdbViewer 4.1.0 28 and (box) residues with significant structural deviation between RPTP and HRP (PDB: 1ATJ) with a protein structure alignment tool. 29 (&) Occupied glycosylation site; 14 (c) cysteine; (+) Ca 2+ binding. Secondary structure: (dark gray) helices; (light gray) sheets. Helices labeled according to Watanabe et al. 14 and conservation according to Livingston and Barton. 30 The figure was drawn in JalView. HRP, this loop region was pointing away from the active site, whereas in RPTP, it was pointing toward it. This difference in topology brought Arg 214 into hydrogen bonding distance with MES.
14 Further investigation into this distinct region is warranted. 
